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Summary:  To investigate fluctuations in the wavefront aberrations of the eye and their relation 
to pulse and respiration frequencies we used a wavefront sensor to measure the dynamics of the 
aberrations up to the Zernike polynomial 4th radial order.  Simultaneously, the subject’ pulse 
rate was measured, from which the instantaneous heart rate was derived.  We used an auto-
regressive process to derive the power spectra of the Zernike aberration signals, as well as pulse 
and instantaneous heart rate signals.  Linear regression analysis was performed between the 
frequency components of Zernike aberrations and the pulse and instantaneous heart rate 
frequencies.  Cross spectrum density and coherence analyses were also applied to investigate the 
relation between fluctuations of wavefront aberrations and pulse and instantaneous heart rate.  
The correlations between fluctuations of individual Zernike aberrations were also determined.  
A frequency component of all Zernike aberrations up to the 4th radial order was found to be 
significantly correlated with the pulse frequency (all ≥2R 0.51, p<0.02), and a frequency 
component of 9 out of 12 Zernike aberrations was also significantly correlated with 
instantaneous heart rate frequency (all ≥2R 0.46, p<0.05).  The major correlations among 
Zernike aberrations occurred between second order and fourth order aberrations with the same 
angular frequencies.  Higher order aberrations appear to be related to the cardiopulmonary 
system in a similar way to that reported for the accommodation signal and pupil fluctuations.   
 
Keywords:  Zernike aberrations, wavefront dynamics, pulse and instantaneous heart rate, 
microfluctuation of ocular aberration 
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Introduction:  
It has been found that fluctuations in steady-state accommodation have amplitudes of about a 
quarter dioptre and a frequency spectrum extending up to a few Hz.  In their pioneering work, 
Campbell et al. (1959) measured the dynamic characteristics of accommodation and noted that 
periodic fluctuations were present. The spectrum of accommodation microfluctuations is 
typically classified into low (<0.5 Hz) and high (>0.5 Hz) frequency components (Charman and 
Heron 1988) 
 
A significant relationship between the dominant higher frequency components (1─2 Hz) of 
accommodation microfluctuations and arterial pulse was first demonstrated by Winn et al. 
(1990a).  This correlation was maintained during the recovery phase of an exercise-induced 
increase in pulse rate and was absent for an aphakic eye, suggesting that the crystalline lens is 
the origin of these fluctuations.  A correlation between respiration (instantaneous heart rate) and 
a low frequency component (<0.6 Hz) of accommodation microfluctuations was reported by 
Collins et al. (1995).  This apparent coherence was maintained during rapid breathing and was 
evident at the expected frequency during regulated breathing patterns. 
 
There are three possible mechanisms that have been proposed through which the ocular pulse 
could be associated with high frequency accommodation fluctuations: pulsatile blood flow in the 
ciliary body affecting the ciliary ring diameter; intraocular pressure pulse displacing the 
crystalline lens, and reduced resistance to lens elasticity with each cyclic reduction in intraocular 
pressure (Winn et al. 1990a).  It has been proposed that respiration could influence 
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accommodation fluctuations through respiration’s modulation of instantaneous heart rate 
(Collins et al. 1995).  This modulation causes the heart rate to slightly increase during 
inspiration and reduce during expiration and is termed respiratory sinus arrhythmia (Angelone 
and Coulter 1964). 
 
The low frequency components of accommodation microfluctuations have been found to vary 
in magnitude as a function of pupil size and in frequency as a function of target luminance 
(Gray et al. 1993a; Gray et al. 1993b).  However the high frequency component does not show 
obvious systematic change with varying stimulus conditions such as pupil diameter or target 
luminance (Ward and Charman 1985; Gray et al. 1993b).  There appears to be a general trend 
towards an increase in microfluctuation amplitude with increasing accommodation level 
(Kotulak and Schor 1986; Toshida et al 1998), while ageing appears to have the opposite effect 
by reducing the microfluctuation amplitudes (Heron and Schor 1995). Charman and Heron 
(1988) have suggested that the high frequency fluctuations are not likely to play a role in 
actively controlling the steady-state accommodation response, while the low frequency 
components seem to be more likely to be used  in accommodation control feedback. 
 
The presence of fluctuations in wavefront aberrations is not limited to defocus, but occur for 
low and high order aberrations (Hofer et al. 2001; Larichev et al. 2001). Using a Hartmann 
Shack wavefront sensor to continuously measure the eye’s wavefront aberrations, Hofer et al. 
(2001) reported that fluctuations in higher order aberrations share similar spectra and 
bandwidth both within and between subjects.   
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In this study we have simultaneously measured the fluctuations in the wavefront aberrations of 
the eye along with pulse rate.  Wavefront aberrations were decomposed into a set of Zernike 
polynomials up to the 4th radial order.  We explored the characteristics of the temporal 
variations of the Zernike coefficients, the associations between wavefront fluctuations and 
pulse, and correlation between fluctuations of the individual Zernike components of the 
wavefront. 
 
Methods:   
 
1.  Data acquisition 
We used the Complete Ophthalmic Analysis System (COASTM, WaveFront Sciences, Inc., 
Albuquerque, NM, USA) which measures the wavefront aberrations of the human eye using a 
technique based on the Hartmann-Shack wavefront sensor to collect the wavefront aberrations 
data at a sampling frequency of approximately 11.5 Hz. A total of 256 Hartmann-Shack images 
were acquired during each recording resulting in a 22.2 seconds record of aberration data. 
 
Simultaneously, the pulse signal was acquired with a MacLab/4s and Bio Amp (ADInstruments 
Pty Ltd, Castle Hill, NSW, Australia) which is designed to record the electrocardiogram (ECG) 
using electrodes connected to both wrists and the right ankle of the subject.  The pulse signal 
was measured at a sampling frequency of 40 Hz for duration of 25.6 seconds. The acquired 
pulse signal was used to derive the instantaneous heart rate (Friesen et al. 1990). Instantaneous 
heart rate is the cyclic fluctuation in the time delay between each heart beat, whereas pulse rate 
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is simply the number heart beats per minute. The configuration of the instruments used in the 
experiment is depicted in Figure 1.  
 
The sampling rates of both the wavefront sensor (11.5 Hz) and pulse measurement system (40 
Hz) were well above the Nyquist frequency for signals related to the cardiopulmonary system.  
There was minor instability in the sampling rate of the wavefront sensor, but this was 
determined to have no significant effect on the frequency analysis of the acquired signals 
(Morelande and Iskander 2003).   
 
Ten young subjects between 18 and 35 years of age (mean of 27 yrs) were recruited for this 
study.  Informed consent was obtained from all participates and the experiment conformed to a 
protocol approved by a Human Research Ethics Committee of the university.  All subjects had 
refractive error of no more than 6 D and no significant ocular pathology.  Measurements were 
taken from the left eyes of all subjects.  No contact lenses or spectacles were worn by subjects 
during the experiment. The measurements were performed on undilated eyes and subjects were 
instructed to blink naturally during the measurement period whenever necessary.  Five 
recordings of pulse signals and wavefront aberration were collected for each of the subjects for 
two breathing conditions, a normal breathing rate and 0.5 Hz breathing rate.  For the 0.5 Hz 
breathing rate, an electronic metronome was used to guide the subject so that each inspiration/ 
expiration cycle occurred every two seconds.  The purpose of using both normal breathing rate 
and 0.5 Hz breathing rate was to increase the breathing rate range so as to allow more reliable 
linear regression analysis between the lower frequency component of the Zernike aberrations 
and the instantaneous heart rate frequency. 
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A beam splitter was positioned between the eye and wavefront sensor so that the subjects were 
able to focus on an external target (at the far point) instead of the internal target.  The purpose 
of using an external target was to allow accurate accommodation control of the measured eye 
since the internal COAS target relies on “fogging” to create far point focus which may lead to 
greater focus drifts and may be prone to cause instrument myopia.  The internal wavefront 
sensor fixation was only used for the alignment of the external target with the measurement axis 
of the wavefront sensor.  
 
The use of a bite bar has been reported to have no significant influence on wavefront RMS for 
Hartmann-Shack wavefront sensing (Applegate et al. 2001; Cheng et al. 2004). In pilot studies 
we also found that using a head strap to minimize head movements did not significantly alter 
the measurement of aberration fluctuations using the COAS wavefront sensor. Small eye 
movements and pupil fluctuation artefacts have also been shown to have minimal influence on 
wavefront fluctuations (Hofer et al. 2001).  
 
To estimate the underlying noise level of the wavefront sensor for dynamic wavefront 
measurements we conducted several pilot experiments.  We found significant subject 
movement artefacts appearing in our wavefront measurements because of the table on which 
the wavefront sensor was mounted. To solve this problem, the wavefront sensor unit was fixed 
to a heavy and stable bench.  Secondly, a model eye was fixed to the wavefront sensor headrest 
while a subject was simultaneously positioned in the headrest and instructed to breath at a 
normal rate. The power (variance) of the instrument noise for the model eye (with subject 
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breathing in the headrest) was found to be at least an order of magnitude less than the power of 
the wavefront aberration signals from a real eye. This gave us confidence that the fluctuations 
we observed in the wavefront aberration signals were related to ocular factors and not 
extraneous vibrations. 
 
2.  Data editing 
The acquired data consisted of a set of 256 Hartmann-Shack images and a 1024 sample record 
of the pulse signal. The wavefront aberration data were then fitted by a series of Zernike 
polynomials up to the 4th radial order using a pupil analysis diameter of 5 mm, which resulted 
in 15 Zernike wavefront aberration coefficients for each of the 256 Hartmann-Shack images 
(Zernike wavefront signals). The first 3 Zernike signals corresponding to the piston and prism 
were not analysed. Estimating the Zernike coefficients from the Hartmann-Shack images was 
performed using the software of the COAS wavefront sensor.   
 
Next, the blink artefacts from the wavefront signals were removed by using a third order 
polynomial interpolation technique.  Specifically, a running window was applied to a wavefront 
signal to find the start and end points of the blinks. The maximum number of samples between 
the start and end points that could be interpolated should not exceed three image samples due to 
the frequency resolution constraint (frequency range of interest was 0.1 to 1.5 Hz). The 
wavefront signals for which the above blink artefact removal technique could not be applied 
were discarded, along with Hartmann-Shack images for which the pupil size was less than 5 
mm diameter.   
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Originally, each Zernike coefficient signal consisted of 256 data points.  However, it was 
noticed that many of the signals can not be uniquely characterised by their spectral 
representation, mainly because of the natural drifts of accommodation (defocus) during the data 
acquisition period.  A sub-sample of 128 data points was extracted from each original Zernike 
coefficient signal resulting in 11.1 seconds record of aberration data for analysis.  This was 
performed by visually inspecting the time representation of the defocus signal and choosing 
either the first or the second half of the record, based on the slope and regularity of the defocus 
signal. 
 
3.  Data analysis 
Power spectrum analysis 
The signal analysis problem has to be mathematically formalised. Let the time-varying 
wavefront aberration, ( , ; )w tρ θ , be modeled by a sum of the Zernike polynomials up to the 4th 
radial order, i.e. 
15
1
( , ; ) ( ) ( , ) ( , ; )i i
i
w t a t Z tρ θ ρ θ ε ρ θ
=
= +∑  
where )(tai , 1,2, ,15i = K , are the time-varying Zernike coefficient signals and ),( θρiZ  are 
the orthogonalized Zernike polynomials (Thibos et al. 2002). Note that in the above equation 
the wavefront is a function of the radial distance ρ  and angle θ  as well as the time t . The 
instrument and modelling noise is denoted by ( , ; )tε ρ θ .  In order to examine the fluctuations 
in the Zernike aberrations, we explored the characteristics of the temporal variation of the 
Zernike coefficients )(tai , which were measured by the COAS wavefront sensor.   
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Before temporal or frequency analyses of the Zernike coefficient signal is conducted, the 
signals are first detrended by removing a linear trend and then band-pass filtered to extract the 
frequency range of interest (0.1 Hz – 1.5 Hz). Detrending is a standard signal processing 
procedure that removes the DC component from a signal. It is performed because the 
fluctuations in each of the Zernike aberration signals are of interest rather than their actual 
values. As a band-pass filter, a digital equivalent of a Butterworth filter was used (Iskander et 
al. 2004). 
  
As mentioned earlier, the piston and prism signals are excluded from the analysis, although the 
later may be useful in detecting eye blinks. For each of the remaining 12 Zernike coefficient 
signals ),(tai  ( 4,5, ,15)i = K , an Auto-Regressive (AR) process of order P is first fitted. The 
optimal order P is estimated via Minimum Description Length criterion (Rissanen 1978). The 
estimated coefficients of the AR process are then used to estimate the power spectra of the 
aberration signals.  Iskander et al. (2004) have shown that this technique is more robust for the 
aberration signals than the conventional power spectrum estimation techniques based on the 
Fast Fourier Transform (FFT).   
 
The same procedure of spectral analysis was applied to the pulse and the instantaneous heart 
rate signals.  The spectral representations of aberration and pulse signals were then used to 
determine the similarities (common frequency peaks) between the signals.  
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Cross-Spectrum Density Analysis 
A method to estimate the similarities between two signals is the cross-correlation function or its 
frequency equivalent, the cross-power spectrum defined as (Eadie et al. 1995) 
*2( ) ( ) ( )x y k k k
s
P f X f Y f
N f= ⋅⋅  
where )( kfX  and )( kfY  are the discrete Fourier Transform of signals ( )nx t  and ( )ny t ,  
0, , 1n N= −K , respectively, sf  is the sampling frequency, and the asterisk denotes the 
complex conjugation. We applied the cross spectrum density analysis to estimate the similarity 
between each Zernike aberration signal and pulse signal as well as between each Zernike 
aberration signal and the instantaneous heart rate signal.  Since the aberration signals and the 
pulse and instantaneous heart rate signals were acquired at different sampling rates, the Zernike 
aberration signals need to be linearly interpolated to achieve sampling records of the same 
length or equivalently, the concept of zero-padding could be used. The AR based spectral 
estimation procedure mentioned earlier cannot be used when estimating the cross-spectra. The 
alternative is to use the traditional FFT based methodology or by taking Fourier transformation 
of the estimated cross-correlation function. Typical examples of spectra and cross-spectra of the 
aberration signal related to the defocus, and pulse and instantaneous heart rate signals for 
subject SP are shown in Figure 2. Several points can be noted. Firstly the major frequency 
peaks of the pulse and instantaneous heart rate signals are well defined. The frequency peak in 
the pulse signal is estimated with a greater precision than the instantaneous heart rate signal due 
to the slower frequency of respiration compared with pulse and the limited (11.1 sec) sampling 
time. The aberration signals exhibit several frequency peaks and there are no frequency 
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resolution limitations due to the parametric (AR) modelling of the signals. The estimator of the 
cross-spectrum has poor precision due to the FFT based processing. 
 
Coherence Analysis 
Another measure of the interrelation between two signals is the coherence analysis. When two 
sets of data have been acquired from simultaneous measurements on two systems, the 
coherence function can be calculated as (Eadie et al. 1995): 
2 ( )
( ) ( )
x y k
x x k y y k
P f
P f P fγ =               
where ( )xy kP f  is the cross-power spectrum defined earlier, while ( )xx kP f  and ( )yy kP f are 
the auto power spectra of signals ( )nx t  and ( )ny t ,  0, , 1n N= −K , respectively. The coherence 
function can take values between 0 and 1, which determine the independence or incoherence 
(zero) and dependence or coherence (one) of the two signals.  The coherence analysis was used 
to examine the interrelation between each Zernike aberration signal and pulse signal as well as 
between each Zernike aberration signal and instantaneous heart rate signal.   
 
Correlation Analysis 
A standard correlation analysis was also used to assess the strength of the correlation among the 
Zernike aberration signals.  For each pair of the Zernike aberration signals, the correlation 
coefficient was estimated using 
2
2
2 2
xy
x y
r
σ
σ σ
=
⋅
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where 2xyσ is the covariance between x and y, while 
2
xσ  and 
2
yσ are the respective variances.  
Since the number of multiple measurements was not sufficiently large to calculate the statistics 
in ensembles, the assumption of ergodicity (same statistical characteristics in time and 
ensemble domains) has been retained to ascertain the time correlation between each pair of the 
aberration signals. 
 
Results 
Time domain 
To illustrate the nature of the wavefront aberration signals after data editing, 11.1 seconds of 
the Zernike aberration signals, captured for subject JB under the breathing condition of 0.5 Hz, 
are presented in Figure 3.  It shows the variations in defocus and astigmatism signals (2nd 
order) as well as the 3rd and the 4th order aberration signals.  Figure 4 shows the 
simultaneously recorded pulse signal and the derived instantaneous heart rate for subject JB.   
 
All of the measured 12 Zernike aberration signals exhibit temporal fluctuations.  To examine 
the magnitude of fluctuations contained in the signals, the variance of each measurement (128 
HS images) for each Zernike aberration was calculated.  Figure 5 shows the group average 
standard deviation of each measurement for both breathing conditions and their standard 
deviations.  The group average ratios of the standard deviation and mean Zernike aberration 
signals are presented in Figure 6.  Generally, the variations (in terms of magnitude change) in 
the Zernike aberrations decrease as the Zernike order increases (see Figure 5 and also see 
Figure 3 as a example for the raw signals).  Note that although the lower order aberrations have 
greater magnitude fluctuations, they exhibit relatively small value of standard deviations/mean 
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(ratio).  However this ratio depends on the mean level of aberration, so the reftractive error of 
the subjects determines the mean level of the 2nd order aberrations (defocus and astigmatism) 
and is therefore highly dependent on the refractive error of the participating subjects. 
 
Frequency domain 
To determine if there was a dominant frequency component contained within the measured 
signals, the power spectra of the Zernike aberration signals, pulse and instantaneous heart rate 
were estimated by using the AR-based technique described in the previous section.   Figure 7 
presents an example of the power spectra of signals corresponding to defocus, vertical coma 
and spherical aberration for subject JB.  For clarity of presentation, the spectra of the pulse and 
instantaneous heart rate signals have been normalised to the peaks of the aberration spectra.  
The subject was instructed to breathe on a metronome beat at 0.5 Hz and the power spectrum of 
the instantaneous heart rate shows a frequency component with a peak at 0.43 Hz, presumably 
due to sinus arrhythmia.  In this example, the fluctuations of subject JB’s defocus, vertical 
coma and spherical aberration signals have two major fluctuation frequency components which 
show agreement with the frequency components of pulse at around 0.98 Hz and instantaneous 
heart rate at about 0.43 Hz.  Due to the wavefront data acquisition time of 11.1 seconds, the 
frequency resolution is limited to 0.09 Hz, and this may cause frequency shifts of the Zernike 
aberrations (in this example the coma).  With the other nine subjects’ power spectra of these 
Zernike aberrations, similar frequency spectra with two major peaks were typically observed. 
 
To investigate the interrelation between the defocus signal, pulse and instantaneous heart rate, a 
linear regression analysis was applied to the fluctuation frequency of defocus signals and pulse 
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and instantaneous heart rate frequencies.  Group data for the ten subjects of the defocus 
fluctuation frequencies as a function of pulse and instantaneous heart rate frequencies are 
presented in Figure 8.  It shows a significant association between higher frequency components 
of the defocus signals and pulse frequencies ( 2R =0.76, p<0.001), as well as between lower 
frequency components of defocus signals and instantaneous heart rate frequencies ( 2R =0.49, 
p<0.05).  
 
The linear regression analysis was performed between the frequency components of all 
measured Zernike aberration signals and the pulse and instantaneous heart rate.  The defocus 
signal was not the only one that showed correlation with the instantaneous heart rate frequency 
and pulse frequency, with other Zernike aberration signals (including 3rd order and 4th orders) 
also showing a direct linear relationship with the instantaneous heart rate and pulse frequencies.  
Table 1 shows linear regression results between the Zernike aberration fluctuation frequencies 
and pulse and instantaneous heart rate frequencies.  A frequency component of all Zernike 
aberration signals up to 4th order were found to be significantly correlated with the pulse 
frequency ( ≥2R 0.51, p<0.02), and a frequency component of 9 out of 12 Zernike coefficients 
were also significantly correlated with the instantaneous heart rate frequency ( ≥2R 0.46, 
p<0.05).  
   
Coherence Analysis 
An example of the cross power spectra and estimated coherence functions of the defocus signal, 
pulse, and instantaneous heart rate for subject JB are shown in Figure 9.  The frequency 
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position for which the cross power spectra achieve their maxima is indicated by dotted lines and 
there is a concurrent significant increase in the coherence around these frequencies. 
 
Group data of the coherence functions for both breathing conditions has been calculated to 
determine the relationship between Zernike aberration signals, the pulse signals and the 
instantaneous heart rate signals.  The group average of coherence analysis results is presented in 
Figure 10 and the averaged coherence between the 12 Zernike aberration signals, and pulse and 
instantaneous heart rate are 0.51 and 0.55 respectively.  However, note that the estimation of 
the coherence has some limitations.  In particular, the coherence analysis based on FFT requires 
data from the two considered signals to be split into at least two (often overlapping) parts.  One 
part of the data is used to estimate the cross power spectrum while the other part is used for the 
auto spectrum.  The coherence analysis has low reliability given the small sample data records 
(128 measurements) available in the study. 
  
Correlation analysis 
The interactions among the Zernike aberrations were determined by using the correlation 
coefficient.  We estimated the group average data of correlation coefficients between each pair 
of the Zernike aberration signals for both breathing conditions.  The major correlations among 
Zernike aberration signals occurred between astigmatism at 45 degree and secondary 
astigmatism at 45 degree ( 22−Z  and 24−Z ) with a negative correlation of 0.53, between defocus 
and spherical aberration ( 02Z  and 04Z ) with a negative correlation of 0.38, and between 
astigmatism at 0 degree and secondary astigmatism at 0 degree ( 22Z  and 24Z ) with a negative 
correlation of 0.34.   
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Discussion  
Temporal variations in the optical characteristics of the crystalline lens are the most likely 
source of the fluctuations in both defocus and other Zernike aberrations.  These temporal 
changes in the crystalline lens may reflect subtle changes in the lens shape and/or position due 
to blood flow through the ciliary muscle or the intraocular pressure pulse.  Hofer et al. (2001) 
noted that the fluctuations in defocus are not of sufficient magnitude to cause the observed 
fluctuations in higher order aberrations of the eye, given that higher order aberrations are 
known to change with accommodation.  
 
The fluctuations which occur in the crystalline lens must affect both the central and peripheral 
regions of the lens, since the higher order aberrations primarily reflect optical changes in the 
periphery of the lens. Winn et al. (1990b) have studied the fluctuations in both the central and 
peripheral crystalline lens and noted the presence of similar low and high frequency spectral 
peaks in both locations. Using the Foucalt knife-edge test, Berny (1969) and Berny and Slansky 
(1970) were able to show that the peripheral lens shows substantial fluctuations in optical 
power. 
 
The human eye suffers asymmetrical aberrations due to the lack of rotational symmetry of the 
optics or pupil displacement.  Any movement of the crystalline lens such as rotation, lateral or 
vertical movement could affect the asymmetric aberrations fluctuations.  Therefore the ocular 
pulse could cause fluctuations in both symmetrical and asymmetrical aberrations.     
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Higher order aberrations appear to be related to the cardiopulmonary system in a similar way to 
that reported for accommodation (Winn et al. 1990a; Collins et al. 1995) and pupil fluctuations 
(Daum and Fry 1982; Ohtsuka et al. 1988).  The mechanisms linking the accommodation 
fluctuations with pulse and instantaneous heart rate are presumably also the origin of 
fluctuations in the other Zernike aberrations. For the twelve Zernike aberration coefficients 
examined, the correlation between the high frequency components of the Zernike aberration 
microfluctuations and the pulse frequency are higher than the correlation between the lower 
frequency components of the Zernike aberrations and the instantaneous pulse rate.  This is 
probably due to a direct association between the ocular pulse and the higher frequency Zernike 
aberration fluctuations through the pulsatile ocular blood flow through the ciliary muscle or 
intraocular pressure pulse.  The association between instantaneous heart rate and the Zernike 
aberration fluctuations are likely to be indirect, through respiration’s modulation of the ocular 
pulse (sinus arrythmia).  It is likely that this proposed mechanism would “dampen” or filter the 
strength of the correlation.   
 
For the subjects in this study, the lowest pulse frequency was 0.9 Hz and the highest frequency 
was 1.26 Hz, and the corresponding higher frequency components of the defocus varied 
between 0.72 Hz and 1.35 Hz.  For this small range, the linear regression between the higher 
frequency components of the defocus and the pulse frequencies still gave a strong direct linear 
relationship with slope close to one.  This finding is consistent with the findings of Winn et al. 
(1990a) who measured accommodation microfluctuations and found a strong correlation with 
pulse frequency.  
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In some cases, we observed multiple frequency components (more than 2 peaks) within the 
frequency range of our interest (0.1 to 1.5 Hz) in the power spectrum of the Zernike aberrations 
measured.  For example, in Figure 7 the power spectrum of spherical aberration showed a 
frequency component at around 0.6 Hz and another frequency component between 1.2 Hz and 
1.4 Hz.  We can not be certain what causes these fluctuations since there are many other 
potential sources that might also introduce fluctuations to the eye aberrations such as tear film 
instability (Thibos and Hong 1999) and fluctuations in the retina (Fercher et al. 1982) and axial 
length of the eye (van der Heijde et al. 1996).  It is also possible that other rhythms in the 
cardiopulmonary system are evident in the signals, such as the Mayer wave and Traube Hering 
waves (Raschke and Hildebrandt 1982). 
      
We found some correlations among the Zernike aberration terms, unlike Hofer et al. (2001). 
For our subjects the highest correlations occurred between 2nd and 4th order Zernikes with the 
same angular frequencies (between defocus and spherical aberration, between primary 
astigmatism at 45 degrees and secondary astigmatism at 45 degrees, as well as between primary 
astigmatism at 0 degrees and secondary astigmatism at 0 degrees). These correlations were all 
negative and we have assumed that they reflect the underlying mathematical relationship 
between the 2nd and 4th order Zernike coefficients. For example, as the spherical aberration 
increases in magnitude, the balancing defocus coefficient decreases in magnitude (to maintain 
the orthogonal nature of the Zernike polynomials) because mathematically Zernike “spherical 
aberration” contains a balancing component of defocus aberration.  In this way, the negative 
correlation would simply reflect the Zernike fitting process rather than a true correlation in the 
optical changes occurring in the eye. Although anticipated, no correlation was found between 
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the prism and comatic Zernike terms, which are also mathematically related in the Zernike 
expansion.  
   
Clinical measurement of the wavefront aberrations of the eye requires multiple wavefront 
measurements. The optimal sampling frequency and duration is influenced by a variety of 
factors including the microfluctuations of the wavefront, the stability and dynamics of the tear 
film, the effects of blinking, and the quality of the patient’s attention and fixation. To 
adequately sample the low frequency components of the wavefront requires a sampling 
duration of at least 4 seconds to cover at least one period of the typical respiration frequency of 
approximately 0.25 Hz. However it should be noted that we found very low frequency drifts in 
defocus (<0.25 Hz) as previously noted by Collins et al. (1995), that we chose to “detrend” 
from the data because of their lack of periodicity. To capture these slow drifts in the wavefront 
would require at least a 10 second sampling period. The high frequency components of the 
wavefront have most of their power at a frequency which corresponds to the pulse frequency, 
so the sampling rate to adequately measure these changes is at least 4 Hz (assuming a 
maximum pulse rate of 2 Hz). There are also frequencies in the wavefront spectra extending to 
approximately 10 Hz (Hofer et al. 2001), but the power at these higher frequencies is relatively 
low compared with frequencies below 2 Hz.  
 
In conclusion, we found that the higher order components of the eye’s wavefront exhibit similar 
frequencies of fluctuations to those of defocus. In general, the magnitude of the fluctuations 
diminishes with the radial order of the aberrations. There was an association between the 
periodic cycles of the cardiopulmonary system (pulse and instantanous heart rate) and a high 
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and low frequency component of most of the wavefront aberrations up to 4th radial order. This 
suggests that it is the cardiopulmonary system via the ocular pulse which causes at least some 
of these temporal fluctuations in the crystalline lens of the eye. 
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Table 1:  Association between wavefront Zernike aberrations and pulse and instantaneous heart 
rate. 
 
              Zernike-Pulse 
 
Zernike-Instantaneous heart rate 
          Zernike Aberrations   
Slope 
(m) 
Intercept 
(b) 
2R  (p value) Slope (m) 
Intercept 
(b) 
2R  (p value) 
2
2
−Z  Astigmatism ( 045 ) 1.03 -0.02 0.53  * 0.69 0.12 0.34 
0
2Z  
Defocus 1.04 -0.06 0.76  ** 0.89 0.04 0.49  * 
2
2Z  Astigmatism (
00 ) 0.81 0.22 0.52  * 1 -0.02 0.61  * 
3
3
−Z  Trefoil ( 090 ) 1.08 -0.1 0.69  * 1.02 0.005 0.58  * 
1
3
−Z  Horizontal Coma  1.09 -0.11 0.63  * 1 -0.009 0.59  * 
1
3Z  
Vertical Coma  0.93 0.07 0.61  * 0.85 0.06 0.46  * 
3
3Z  Trefoil (
00 ) 0.92 0.1 0.56  * 0.98 0.002 0.52  * 
4
4
−Z  Tetrafoil ( 05.22 ) 0.83 0.17 0.58  * 0.66 0.13 0.31 
2
4
−Z  Sec Astigmatism ( 045 ) 1.06 -0.06 0.67  * 0.55 0.17 0.25 
0
4Z  
Spherical Aberration 1.06 -0.07 0.72  * 0.95 0.02 0.62  * 
2
4Z  Sec Astigmatism (
00 ) 1.12 -0.12 0.71  * 0.87 0.04 0.51  * 
4
4Z  Tetrafoil (
00 ) 0.85 0.16 0.51  * 0.84 0.04 0.48  * 
 
Linear regression results between the Zernike aberration fluctuation frequencies and pulse and 
instantaneous heart rates.  Group data for 10 subjects.  (* p<0.05; ** p<0.001)   
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Figure captions 
Figure 1.  Experimental set-up.  A wavefront sensor is used for the dynamic wavefront 
aberrations measurement.  Three electrodes from the MacLab system were attached to subjects’ 
wrists and right ankle to acquire the pulse signal.   
 
Figure 2.  Frequency analyses of defocus, pulse and instantaneous heart rate (IHR) signals for 
subject SP.  Power spectra (top) and the normalised cross spectra (bottom).   
 
Figure 3.  Top: Original Zernike aberration signals for a 5 mm pupil size.  The ordinate is the 
value of the wavefront error in microns.  Bottom: contour plots of wavefront differences at 
every 2 seconds.  The spacing in the contour plots is 0.025 microns. 
 
Figure 4.  Original signal of pulse (top) and the derived signal of instantaneous heart rate 
(bottom).  BPM is beats per minute.  Instantaneous heart rate is the time difference between 
consecutive heart beats.  
 
Figure 5.  Group mean standard deviation of each measurement for each Zernike aberration.  
Data are the mean of multiple signals for 10 subjects.  Error bars are +/-1 SD. 
 
Figure 6.  Group mean ratios of the standard deviation versus the mean Zernike aberration 
value.  Data are the mean of multiple signals for 10 subjects.  Error bars are +/-1 SD. 
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Figure 7.  Power spectra of defocus (top), vertical coma (middle) and spherical aberration 
(bottom) for subject JB plotted with the scaled normalised power spectra of the subject’s pulse 
and instantaneous heart rate (IHR). 
 
Figure 8. Correlation between defocus fluctuation frequency components (the two major peak 
frequencies) and pulse and instantaneous heart rate of the group data (50 measurements in total 
from 10 subjects).  Due to the limitation of the frequency bin of 0.089 Hz, many points in this 
plot are overlapped (the numbers beside the symbols indicate the number of measurements). 
 
Figure 9.  Cross power spectra (top) of defocus, pulse, and instantaneous heart rate (IHR), and 
estimated coherence (bottom) for subject JB.  Vertical dotted lines indicate the frequency 
locations of the maxima of the cross power spectra.   
 
Figure 10.  Group data of coherence analyses for both breathing conditions between aberration 
signals and pulse and instantaneous heart rate signals. 
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